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Exchange of information is critical for bacterial social behaviors. Now Dubey and Ben-Yehuda
(2011) provide evidence for bacterial ‘‘nanotube’’ conduits that allowmicrobes to directly exchange
cytoplasmic factors. Protein and DNA transfer between distantly related species raises the pros-
pect of a new, widely distributed mechanism of bacterial communication.Bacteria spare no expense when it comes
to coordinating their social activities. They
have elaborate mechanisms to exchange
DNA, share proteins and small molecules,
and communicate through diffusible
signals. Collectively, communication
among bacteria is called quorum sensing.
Ever since the discovery that quorum
sensing could involve sophisticated
macromolecular packaging, such as lipid
vesicles (Mashburn and Whiteley, 2005),
researchers have been interested in iden-
tifying alternate delivery systems for
quorum-sensing signals and effector
molecules. In this issue of Cell, Dubey
and Ben-Yehuda (2011) now propose
that bacteria interact by directly sharing
cytoplasmic components. In support of
this proposal, they present evidence for
‘‘nanotube’’ connections between neigh-
boring cells, including the passage of
DNAandproteins through thesechannels.
As we learn how bacteria interact with
both prokaryotic and eukaryotic cells,
we gain an appreciation for the myriad
ways that information and effectors can
move between cells. Complex machinery
has evolved to facilitate such transfer,
which often involves either the construc-
tion of massive multicomponent struc-
tures or remodeling of the cell surface.
The classic example of bacterial inter-
cellular interaction is ‘‘conjugation,’’ or
the sharing of genetic material both within
and between species. In conjugation,
a ‘‘donor’’ cell extends a narrow hair-like
appendage, or pilus, which attaches to
a neighboring ‘‘recipient’’ cell. The pilus
retracts, pulling the donor and recipient
into close proximity, and then DNA is
transferred between cells. However,
whether this pilus acts directly asa conduit for DNA transfer has never
been clearly demonstrated.
Aside from conjugal DNA transfer,
bacteria have developed other complex
secretion systems to move cargo
between cells. Many of these systems
involve trafficking of molecules through
macromolecular tubes (Hayes et al.,
2010). Type III secretion systems move
cargo through an apparatus that is homol-
ogous to the flagellum, whereas type IV
secretion systems transfer DNA and
effectors through a pilin channel. In type
VI secretion, the cell builds an apparatus
that is homologous to the tail tube of the
phage virus, and then cargo is transferred
between cells. Importantly, each of these
systems involves the construction of
a large secretion machine composed of
proteins that allows cargo delivery to
neighboring cells through a tube-like
structure.
In addition to these molecular ma-
chines, bacteria can also exchange infor-
mation using small, hormone-like sig-
naling molecules. Originally thought to
function exclusively through the diffusion
of signaling molecules between cells,
some quorum-sensing molecules are
packaged in more sophisticated ways,
including in outer membrane vesicles
that bud from the surface of Gram-nega-
tive bacteria (Mashburn and Whiteley,
2005). Fittingly, these vesicles selectively
traffic proteins and even DNA molecules
for export out of the cell (Bomberger
et al., 2009; Horstman and Kuehn, 2000;
Renelli et al., 2004).
More intimate methods of communi-
cation exist for eukaryotic cells. Plants
share cytoplasmic material through inter-
cellular channels called plasmodesmata,Cell 144,whereas animal cells possess analogous
gap junctions and recently identified
tunneling nanotubes (Rustom et al.,
2004). Now the study by Dubey and
Ben-Yehuda proposes a similar method
of communication between bacteria,
involving the exchange of information or
effectors through direct cytoplasmic
sharing. This idea is not unprecedented,
as direct cytoplasmic connections have
been proposed to exist in cyanobacteria
(Mullineaux et al., 2008).
The authors begin by showing that
Bacillus subtilis grown on solid medium
can transfer green fluorescent protein
(GFP) between neighboring cells in
a manner dependent upon time and the
distance between cells. Similarly, anti-
biotic-resistant microbes could confer
transient, nonhereditary resistance to
neighboring cells. To exclude genetic
transfer as the mechanism mediating
this resistance, the authors then add the
small molecule calcein to their cultures.
Calcein is a membrane-permeable mole-
cule that becomes fluorescent and
trapped within cells upon hydrolysis by
endogenous esterases. When the authors
preload a cell with calcein, indeed the
fluorescent compound transfers to
untreated cells.
Together, these experiments suggest
that cytoplasmicmoleculesmovebetween
cells by a contact-dependent mechanism.
In support of this hypothesis, Dubey and
Ben-Yehuda then identify tubular connec-
tions between cells grown on solid
medium, which appear structurally distinct
from conjugative pili. Images from high-
resolution scanning electron microscopy
(HR-SEM) and the fact that nanotubes are
disrupted in the presence of the detergentFebruary 18, 2011 ª2011 Elsevier Inc. 469
Figure 1. Intercellular Communication through Nanotubes
High-resolution scanning electron microscopy has identified tube-like connections (‘‘nanotubes’’)
between Bacillus subtilis cells, which appear distinct from known extracellular structures (Dubey and
Ben-Yehuda 2011). The exchange of antibiotic resistance (e.g., CmR) and green fluorescent protein (GFP)
between bacterial strains depends on the proximity of the donor and recipient cells. In addition, the
transfer of traits remains either stable and heritable in the recipient or transient and nonheritable,
depending on whether the transferred element is DNA or a protein, respectively. Transmission electron
microscopy with GFP labeled with immunogold particles revealed GFP within the tubes, suggesting that
molecules could transit through the structures. Interestingly, similar structures were observed with
cultures of B. subtilis, Staphylococcus aureus, Escherichia coli, or binary mixtures of the species, giving
rise to the proposition that bacterial nanotubes facilitate intra- and interspecies transfer of cytoplasmic
components.SDS lead the authors to conclude that the
structures are composed of membranous
layers. If true, this property would
distinguish these nanotubes from other
known secretion structures (except outer
membrane vesicles). Characterizing the
composition of the nanotube structures is
an obvious direction for further study,
particularly because SDS treatment has
been shown to disrupt some proteina-
ceous pili (Achtman et al., 1978).
Perhaps the most intriguing experi-
ments reported by Dubey and Ben-Ye-
huda are those in which they visualize im-
munogold-labeled GFP by transmission
electron microscopy. These images
reveal the presence of GFP within the
nanotubes, providing strong support for
the conclusion that cytoplasmic mole-
cules can be transported through the
observed structures.
Given the large dimensions of the nano-
tubes (i.e., 30–130 nm in diameter), the
authors next test whether they could facil-
itate transfer of genes on plasmids.
Indeed, plasmids conferring heritable
antibiotic resistance move between cells
under conditions in which nanotubes are
present. However, the authors present
only indirect evidence suggesting that470 Cell 144, February 18, 2011 ª2011 ElsevDNA passes directly through the tubes
themselves.
Finally, Dubey and Ben-Yehuda show
that nanotube junctions are not restricted
to interactions between the same species.
GFP transfers between B. subtilis,
Staphylococcus aureus, and Escherichia
coli in various two-partner combinations
(Figure 1). Accordingly, each transfer
was coincident with the presence of nano-
tubes. It is exciting to speculate about the
evolutionary advantages provided by
such an intimate interaction, including
the ability to communicate stably with
a specific partner chosen by the microbe.
In addition, direct cytoplasmic connec-
tions bypass any diffusion barriers or
inhibitory systems that diffusible signals
might encounter.
However, the communication mecha-
nisms proposed by Dubey and Ben-Ye-
huda also raise many questions. For
example, one would like to know whether
cargo is specifically selected, and
whether traffic flow is bidirectional. Also,
how does a microbe discriminate
between friend and foe? Interestingly,
another recent study suggested that the
Gram-positive bacterium B. anthracis
may also engage in vesicle-mediatedier Inc.transport (Rivera et al., 2010), a mode of
sharing that could account for many of
the observations described by Dubey
and Ben-Yehuda.
Nevertheless, the existence of bacterial
nanotubes is an exciting new discovery
that promises many new avenues of
study. It will be important to characterize
the properties of these nanotubes,
including their distribution and relevance
under different growth conditions. For
example, are the nanotubes limited to
growth on solid medium, and if not, how
does the growth environment affect their
construction and use? In addition, it is
critical to determine whether the nano-
tubes are present in bacterial populations
growing on surfaces in nature, as
opposed to agar plates in the laboratory.
Finally, if nanotubes are an extension of
the cell surface, it will be interesting to
determine how differences in cell-surface
composition between two species are
reconciled. Once these and many other
questions are answered, we can then
begin to assess the impact of the findings
presented by Dubey and Ben-Yehuda,
a discovery that has the potential to
change the way we think about bacterial
interactions and social behavior.REFERENCES
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